can be synthesized from metal alkoxides by a variety of methods including comminut ed gels, controlled hydrolysis (the Stober, Fink and Bohn method), emulsions and aerosol hydrolysis/pyrol ysis. Recent progress in each of these processes is rev iewed in terms of the effect of process parameters on particle size, chemistry and morphology with an empha sis on those conditions leading to discrete, spherical colloids.
Columban reviewed the fabrication of Na3Zr2Si2P from metal alkoxide derived powders prepared by conventional powder synthesis steps; calcination and milling. In these and many recent studies (see Refer ences 1-4), metal alkoxides are used simply as alter native precursors to conventional metal salts.
3. Synthesis of monodisperse colloids in metal alkoxide solutions In their classic paper, Stober, Fink and Bohn (SFB)17) first demonstrated the possibility of syn thesizing spherical, dense and monodisperse colloids from metal alkoxides. Their work was based on a previous report18) describing the formation of spheri cal silica particles from the reaction of high purity TEOS with ammoniated water in an alcoholic solu tion. Although they failed to reproduce Kolbe's results, they achieved monodisperse particles rang ing in size from 0.05 to 2 microns using a variety of silicon alkoxides and solvents. Interestingly, their work showed that high purity chemicals were not re quired to obtain monodispersity. The study by Bogush et al. 28 ) was the first to ad dress the mechanism of particle growth. They ar gued from their kinetic studies that nucleation is fol lowed by an aggregative growth mechanism. Parti cle characteristics leading to this interpretation in cluded a heterogeneous particle structure, a particle density<85% and a high surface area, as discussed above. Additional supporting evidence included the absence of a nucleation period, as required by nuclea tion theory for monodisperse particles, and unrealis tic diffusivities for a diffusional growth mechanism.
To explain the growth process,28) they calculated the half-life for particles of various sizes based on the time required for particles to acquire sufficient Brow nian energy to overcome the maximum potential energy barrier between two particles as predicted from DLVO theory. They showed that the half-life in creases exponentially with particle size, indicating that newly formed small particles quickly aggregate with the larger particles. Additionally, nuclei, as well as small clusters of nuclei, aggregate faster with large particles than among themselves, thus keeping the number density of particles constant after a given number of large particles grow. Their seeding experiments also supported this model. The aggrega tion model for particle growth also explains the ex perimental observations and particle characteristics such as particle density, uniform size, and the nar rowing of size distribution with increasing particle sizes, regardless of reaction conditions or solvent en vironment. O/W emulsions: We recently reported a unique method for producing powders from o/w alkoxide emulsions.59),61) In this case an oil/water emulsion was formed by dispersing a partially hydrolyzed alkoxide solution (i.e., oil) in water. The process is based on the immiscibility compositions in the water/ethanol/alkoxide system, in contrast with most sol-gel methods. The hydrophile-lipophile balance (HLB) system of characterizing molecular species in solution adequately predicts the emulsifica tion conditions on the basis of the molecular charac ter of partially hydrolyzed TEOS.59)
The phase equilibria for the o/w process is illus trated in Fig. 5 . An emulsion is spontaneously formed by mixing a solution of the partially hydro lyzed titanium-silicon alkoxide mixture (point A) with water, (B), to give a net composition of C. As seen from the tie-line in Fig. 5 , the emulsion droplets have composition D and are dispersed in ethanolic water of composition E. Consequently, the particles are well defined and contain all of the metal alkoxide precursor. In contrast, rather poorly defined parti cles are generated at composition F. Figure 6 shows schematically how spontaneous emulsification leads to particle formation. Upon mix ing the ethanol diffuses into the water to attain solu tion equilibrium, thus spontaneously dispersing the immiscible, alkoxide phase into submicron droplets in the water.
If Besides the high chemical costs, a major deterrent for commercial production of powders by controlled hydrolysis of metal alkoxides is the fundamental re quirement for dilute solutions, and thus low yield, to obtain monodisperse particles. Continuous processes such as aerosol reactions, spray pyrolysis, seeded growth and, potentially, emulsion processes, may overcome the barrier of low rate of production.
A technical impediment for commercial use of alkoxide derived particles stems from their structur ally porous character. Although the other physical characteristics allow for lower temperature densifica tion, the large sintering shrinkage associated with porous particles is undesirable and poses a sig nificant barrier to industrial application. As a reason ably mature field, future advances will require the modeling and detailed analysis of the above process es.
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